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PRLVORDIAL ORGANIC CHEMISTRY AND THE ORIGIN OF LI??E 
/-- v 
(THRUI  
A 
(CATEOdRY) (NASA C R  O R  TMX OR AD NUMBER) 
The Space Science Board of t h e  National Academy of Sciences 
i n  an a u t h o r i t a t i v e  statement d e c l s e d  t h a t  t h e  s e a c h  f o r  ex t r a -  
t e r r e s t r i a l  l i f e  w a s  t h e  prime goal  of Space Biology. "It i s  not 
s ince  D a v i n  and, before  hix., Copernicus, t h a t  science has had t h e  
opportuni ty  f o r  so  grea-c an impect on t h e  ur-dx-staFding of m a n .  
The s c i e n t i f i c  questLon a t  s t ake  i n  Exobiology i s  t h e  most excit ing, ,  
chal lenging,  and profound i ssue  not  only of  t h e  century,  'cut of 
t h e  e n t i r e  n a m r a l i s t i c  movement which has charac te r ized  t h e  
h i s t o r y  of western thought f o r  over 300 years .  If t h e r e  i s  l i f e  
on M a r s ,  and if  we can demonstrate its independent o r ig in ,  then we 
s h a l l  have a near tening answer t o  t h e  quest ion of unprobabi l i ty  
and uniqueness i n  t h e  o r i g i n  of l i f e .  h i s i n g  twice i n  a s ing le  
p l ane ta ry  system, it must s-xrely OCCUI" abundantly elsewhere i n  
t h e  s tagger ing  number of comparable p lane tary  systems".' 
There i s  a d i s t i n c t  p o s s i b i l i t y  of  our f ind ing  an answer t o  t h e  
ques t ion  of t h e  ex is tence  of  l i f e  i n  OUT own p lane ta ry  system by an 
in spec t ion  of t h e  p l ane t s  with our immediate or remote sensors .  
L i f e  de t ec t ion  devices  t o  be landed on Mars a re  a l ready  i n  prepar- 
a t ion .  A manned-mission t o  &rs i s  a subjec t  of in tense  d iscuss ion  
https://ntrs.nasa.gov/search.jsp?R=19660012884 2020-03-24T02:49:55+00:00Z
-2- 
For systems outs ide  our own planetary system, one way of 
answering t h e  quest ion i s  by r ad io  contact .  
run  l i s t e n i n g  for evidence of  i n t e l l i g e n t  life may be R prnfi iahlp 
and exc t t i ng  pu r su i t ,  t h e  d i f f i c u l t i e s  encountered may be l i t e r a l l y  
astronomical.  
Although i n  t h e  long 
W e  have, however, another poss ib le  approach t o  t h i s  quest ion.  
The r e c q i t u l s t i o n  i n  t h e  l.zibore'cory of t h e  ps th  by which l i f e  
appeared on e a r t h  would give s t rong support t o  t h e  theory of i t s  
ex is tence  elsewhere i n  t h e  universe .  Lzboratory experiments on 
e a r t h  can r evea l  which ma te r i a l  and condi t ions ava i l ab le  i n  t h e  
universe  might give r i s e  t o  chemical components and s t r u c t u r a l  
a t t r i b u t e s  of l i f e  as we know it. 
Three f a c t o r s  have made t h e  s c i e n t i f i c  approach t o  t h i s  
ques t ion  poss ib le ,  not only t h e o r e t i c a l l y  but  a l s o  experimentally:  
Astronomical advances, recent  progress  i n  biochemistry,  and t h e  triumph 
of Carwinian evolut ion.  
are more t .hm lo2' s t u s .  
oppor tun i t i e s  for t h e  ex is tence  of 1iI"e. A conservat ive es t imate  
made by Harlow Shapley suggests t h a t  of these  a t  l e a s t  lo8 a r e  
Present  day te lescopes r e v e a l  t h a t  t h e r e  
Therefere, there G z  mcrc t h z  :$O 
s u i t a b l e  for l i f e . *  Su-Shu Huang was l e s s  r igorous  I n  t h e  r e s t r i c -  
t i o n s  he imposed, and he suggested a t  l e a s t  10l8 poss ib le  s i t e s  for 
t h e  exiszence of I n  a very recent  paper, Harrison Brown has 
concluded t h a t  i n  our galaxy alone the re  must be at  least  10l1 
p l a n e t a r y  systems; and t h a t  of these ,  a t  least  4.3% would be i n  t h e  
r i g h t  range of s i z e  and d is tance  from the  star t o  support l i f e .  4 
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Biochemical r e sea rch  cluing t h e  last  decade has e s t ab l i shed  t h e  
remarkable u n i t y  of biochemistry. 
conclusion t h a t  a l l  l i f e  must have had some common chemical or ig in .  
Wa &-e t h u s  l e d  t o  t h e  inescapable 
P l -  LL-e two molecules, t h e  ilucleic acids  and t h e  p ro te ins ,  aye 'casic i n  
a l l  l i v i n g  0-ganism whether one considers t h e  sniallest  microbe or  
t h e  most c o q i e x  i n t e l l i g e n t  human being. (Figure i and Figure 2 )  
The Dawlnian Tleory of Zvolution has p o s t d a t e d  the  un i ty  of 
The higher forms of l i f e  a r e  bel ieved t o  be 
ovw a very extended period i n  the  l i f e  of 
t h e  e n t i r e  biosphere. 
evolved from t h e  lower 
t h i s  plenet .  
The s c i e n t i f i c  thinking of t h i s  problem w a s  c r y s t a l l i z e d  during 
the  first half  of t h i s  century, e spec ia l ly  through the  e f f o r t s  of 
Oparin, Haldane,6 and B e r r ~ a l . ~  Oparin postulated a pr imit ive 
reducing atmosphere i n  which a l a rge  amount of organic ma te r i a l  
accumulated before t h e  o r i g i n  of l i f e  and a long chemical evolut ion 
as a necessary preamble t o  t h e  o r i g i n  of l i f e .  
t h e  idea of t h e  "primordial  soup" which consis ted of an ocean of 
organic matter which gradually gave r i s e  t o  r e p l i c a t i n g  systems. 
Bernal described t h e  methods by which s m a l l  molecules t h a t  may 
have been synthesized could have concentrsted i n  lagoons or  c lay 
depos i t s  by t h e  sea.  I 
necessary p r e r e q u i s i t e  f o r  chemical evolution. 
Haldane suggested 
A i r  accumulation of organic matter w a s  a 
During the  l as t  decade, s eve ra l  experiments i n  t h i s  f i e l d  have 
e s t ab l i shed  t h e  possible  synthesis  of molecules of b i o l o g i c a l  
s ign i f i cance  under simulated primitive e a r t h  conditions.  Notable 
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8 among t h i s  work i s  t h e  c l a s s i c a l  experlment of Stanley Iviiller, 
who, i n  1953, exposed a mixture of methane, ammonia, water m d  
hydrogen t o  an e l e c t r i c  discharge and obtained amino acids and 
organic  compounds l ike  urea, formic acid,  e tc .  
4 The work I am about t o  descr ibe concerns recenL ir ivesi ig&ivi ;  
conducted i n  t h e  Exobiology Division of t h e  Ames Research Center, 
Moffett  F ie ld ,  Cal i fornia .9  The simple working hypothesis which 
we have adopted i s  t h a t  t h e  molecules vhich a r e  fundamental now 
were fundamental a t  t h e  t i m e  o f  t h e  o r ig in  of l i f e .  We are inves t i -  
ga t ing  t h e  synthes is  02 t h e  cons t i tuents  of t h e  nuc le ic  ac id  
molecule and t h e  p ro te in  molecule. We simulate pr imi t ive  e a r t h  
condi t ions,  prepare t h e  "primordial  soup" descr ibed by Haldane, 
and then  we proceed t o  analyze it. 
A s t a r t i n g  poin t  for any such experimental work must cen ter  
around cosmic abundances. Astronomical spectroscopy r evea l s  t h a t  
t h e  most abundant elements i n  our galaxy are i n  t h e  order  of rank: 
hydrogen, helium, oxygen, n i t rogen  and carbon. Hydrogen, oxygen, 
n i t rogen  and carbon are indeed t h e  basic  elementary cons t i t uen t s  
of a l l  l i v i n g  organisms. 
t h e  presence of hydrogen, carbon, nitrogen, and oxygen must exist 
i n  t h e i r  reduced Forms as methane, ammonia, and w a t e r .  The 
equi l ibr ium cons tan ts  fo r  t hese  reac t ions  a t  25OC are a l l  of  con- 
s ide rab le  magnitude. It i s  t h i s  atmosphere of methane, ammonia, 
water vapor, and s m a l l  amounts of hydrogen which we s h a l l  consider 
We know from chemical e q u i l i b r i a ,  that i n  
as the pr imi t ive  atmosphere of t h e  ear th .  
-5- 
Tie energies  ava i l ab le  f o r  t h e  syntkiesis of organic corapounds 
m d e r  pr imit ive e a r t h  conditions a r e  u l t r a v i o l e t  l i g h t  from t h e  sun, 
e l e c t r i c  discharges,  ionizing r ad ia t ion ,  and heat.  While it i s  
evident t h a t  suniigili 2s t h e  y i n c i p a l  source of energy, only a 
s m a l l  f r a c t i o n  of t h i s  was i n  t h e  wavelength below 20008, which 
could have been absorSed by t h e  rr,ethane, zmonia ,  and m t e r .  
However, tile photodissociat ion products of t h e s e  molecules could 
absorb energy of higher wevelengths. Next In  i q o r t a n c e  as a source 
of energy a r e  e l e c t r i c  discharges such as l ighzning and corona 
discharges froin pointed objects .  
surface and, hence, would more e f f i c i e n t l y  t r a n s f e r  t h e  r eac t ion  
products t o  t n e  pr imit ive oceans. A c e r t a i n  amount of energy was 
a l s o  ava i l ab le  from t h e  d i s in t eg ra t ion  of uranium, thorium, and 
potassium 40. 
t h e  s o l i d  ma te r i a l  such as rocks, a c e r t a i n  proportion of it w a s  
ava i l ab le  i n  t h e  oceans and t h e  atmosphere. Heat f r o n  volcanoes 
w a s  another form of energy that  may have been e f f e c t i v e ,  but i n  
comparison t o  t h e  energy fi-om the sun th i s  w a s  only a small port ion 
and perhaps not widely d i s t r ibu ted .  
They occur c lose t o  t h e  e a r t h ' s  
While some of t h i s  energy may have been expended on 
I n  our experiments w i t h  ionizing r a d i a t i o n ,  we have found t h a t  
the e l e c t r o n  beam from a l i n e a r  acce le ra to r  a t  Lawrence Eadiation 
Laboratory of t h e  University of California,  Berkeley, provided us  
w i t h  a convenient source of e lectrons simulating K40 
pr imi t ive  ear th .  (Figure 3)  When a mixture of methane, ammonia 
and water was  i r r a d i a t e d  with 4 1/2 mev 
on t h e  
z l ec t rons  f o r  a period 
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of about one h o i ~ " ,  r e s u l t i n g  i n  a t o t a l  dose of approximately 
7 x lolo ergs,  and t h e  r e s u l t i n g  mater ia l  analyzed, t h e  l a r g e s t  
s ing le  nori-v3lati le cmpound f orrned w a s  adenine .lo 
cf' admine  i n  t h i s  experiment was s ign i f i can t  i n  t h e  l i g h t  of t h e  
mul t ip le  r o l e  played by adenine i n  b io log ica l  systems. Not only 
i s  it L c s r s t i t u e i t  of both DTA an2 X U j  b i t  it i s  a l s o  a urit of 
macy ixpzr tan t  cofactors .  
The production 
I n  OW exper iaents  w < - i h  e l e c t r i c  dLsc%ergss , w e  employed a 
modified vers ion  of t h e  m x z a t u s  used by S t a r l e y  Mi l le r  i n  1953 
( F i g x e  4j. I n  a t y p i c a l  experlxent l i s t i n g  160 hours, 65$ of t h e  
nethhne could be recovered as organic compomds both i n  t h e  water 
so luble  and e t h e r  so luble  f r ac t ions .  
mater ia l  vas i n  the water ex t r ac t .  In t h i s  so lu t ion ,  some of t h e  
cons t i t uen t s  of t h e  nuc le ic  ac id  molecule have been iden t i f i ed .  
About jO% of t h i s  
When a mixt.ure cf methane a d  anunonia i n  t h e  presence of 
water vapor is p;ssed thrsugh a heated vycor tube a t  about lOOO"C, 
and t h e  e f f luen t  gased absorbed i n  water, amino ac ids  a r e  foraed. 
This res7~l-r. h z s  r e c e n t l y  been reported by Fox, who i d e n t i f i e d  14  
of t h e  amino ac ids  commonly present  i n  pro te in ,  i n  a sir ,gle 
experiment.-- 
po r t ion  of t h e  methane i s  converteci i n t o  higher hydrocarbons, 
including r i n g  compounds such as benzene, toluene,  and anthracene. 
1' AialysLs of t h e  gas f r a c t i o n  has shown t h a t  a g rea t  
Chemosynthesis by meteori te  impact cn p lane tary  atmospheres 
has been suggested as a poss ib le  pathway f o r  pr imordial  organic 
synthesis .12 The r eac t ion  i s  prob3bly a r e s u l t  of t h e  in tense  hea t  
generated m m e n t m i l y  i n  t h e  wake of t h e  shock wave fol lowing t h e  
impact. 
'QY f i r i n g  a b a l l i s t i c  missi le  i n t o  a mixture of methane, ammonia acd 
water vapor, we have been ab le  TO i4eiitIf'Jr crime amino ac ids  and a 
f e w  UTJ absorbing carpounds which may be of b i o l o g i c a l  s i g n i f i c m c e .  
I n  a very  prel iminary ex-er i r rent  s imulat ing these  condi t ions , 
I n  d l  t h e  experiments j u s t  described, whether using uv ion iz ing  
r ad ia t ion ,  e l e c t r i c  discharc;i;s, sr heat,  one of t h e  primmy products 
appears t o  be hydrogen cyanide. Gas ana lys i s  hzs shz-,::- t h a t  t h e  
rnaJor cons t i tuent  01' t hese  s imuk ted  pr imit ive atniospheres even 
a f t e r  a b r i e f  exposure t o  one or t h e  other  of t hese  forms of energy 
i s  hydrogen cyanide. 
dehyde. Mi l le r  ad. Urey i d e n t i f i e d  both these  compounds i n  t h e i r  
e a r l y  work.13 Palm and Calvin recorded sinilar r e su l t s .14  O u r  own 
experiments po in t  t o  t h e  same conclusion. 
ments, we have, therefore ,  used hydrogen cyanide aqd formaldehyde as 
our s t m t i n g  mater ia l s .  
The second product i n  t h e  gas phase i s  forn;al- 
I n  subsequent experi-  
When a.rn aqueous so lu t ion  of hydrogen cyanide, approxiEately 
rLolar i n  concentrat ion,  is exposed t o  ZY, a wide v m i e t y  of 
orgaxic  conpounds can be formed. Anoiig t h e s e  have been i d e n t i f i e d  
adenine, guanine, and urea.  Adenine and guanine are t h e  two purines  
I n  RNA and DXA. Urea i s  an important chemical interrrediate.  The 
r e a c t i o n  wi th  hydrogen cyanide may proceed even without a source of 
energy. %en an aqJeous so lu t ion  of hydrogen cyanide i s  l e f t  
s tanding  a t  -lO°C, it appears t o  be converted spontaneously i n t o  more 
complex o r g s i i c  compounds. 
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I n  experirnents s t a t i n g  wi th  formaldehyde i n  a very  d i l c t e  
aqGeous so lu t ion ,  t h e  two sugars,  r ibose  and deoxyribose, have been 
idei:tiiied. These two are the  o r l y  sugars i n  RNA and DNA. 
T'ne same forms of' energy t l ;~ t  7-27,? heen instruniental  i n  t h e  
prociuction of t h e  sugaxs and of t h e  pmines  have now been demons- 
t ra teC 'co be responsible  f o r  t h e  synthesis  of r x l e o s i d e s ,  nucleot ides ,  
:,.id pept ides .  
of CF- Is expased t o  :xzt or uv, t h e  ci.,Isoside deoxyadenosine 
i s  r a p i d l y  fori:xd. l6 
r a i x t - u e  i s  a i lova5  t o  s t m a  at  room t e m p r a t u r e ,  t h e  nucleosiae 
i s  spontaneoiisly formed. This r e s u l t ,  t he re fo re ,  confers  a unique 
r o l e  cn YLyCrsgen cyanide. Hydrogen cyanide i s  a pathway f o r  t h e  
purines .  Together with forzaldehyde, it undergoes t h e  S t recker  syn- 
t h e s i s  t o  give r i s e  to amino acids .  
it performs -the r o l e  of a catal j rs t .  
IJheii a so lu t ion  of d e n i n e  and deoxyribose i n  t h e  presence 
It kas even been demonstrased t h a t  when t h e  
And i n  t h e  synthes is  of nucleosides,  
The synthes is  of pept ides  under ab io log ica l  aqueous condi t ions 
has been considered t o  be a matter of g rea t  d i f f i c u l t y .  Previous 
synt'neses ava i l ab le  have genera l iy  pcstUizted anhydrous condi t ions,  
as f o r  example, t h e  high molecular weight pro te inoids  prepared by 
I n  OUT laboratory,  however, we have r e c e n t l y  found t h a t  when 
an aqueous so lu t ion  of glycine and leucine w a s  exposed t o  uv i n  t h e  
presence of cyanamide, t h e  dipept ides  glycyl-glycine,  glycyl- leucine,  
leucyl-glycine,  and leucyl- leucine were formed. The ac t ion  of cyanamide 
m y  be analogous t o  t h a t  of dicyclohexylcarbodiimide, which has been 
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PHOTOGRApfIS 
Figure 1 "A Section of a Protein Molecule'' 
Figure 2 "A Section of a DNA Molecule" 
Figure 3 "Apparatus for Electron I r rad ia t ion  
of Primitive Gases" 
Figure 4 "Electr ic  Discharge Apparatus" 
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